The use of standard genetic techniques, such as gene targeting and transgenesis, to study cognitive function in adult animals suffers from the limitations that the gene under study is often altered in many brain regions, and that this alteration is present during the entire developmental history of the animal. Furthermore, to relate cognitive defects to neuronal mechanisms of memory, studies have relied on examining long-term potentiation -an artificially induced form of synaptic plasticity. Recent technical advances allow the expression of a genetic alteration in mice to be restricted both anatomically and temporally, making possible a more precise examination of the role of various forms of synaptic plasticity, such as long-term potentiation and long-term depression, in memory formation. Recordings from so-called 'place cells' -hippocampal cells that encode spatial location -in freely moving, genetically modified mice have further advanced our understanding of how the actual cellular representation of space is influenced by genetic alterations that affect long-term potentiation.
Introduction
One of the insights of modern cognitive neural science is that memory is not unitary but has at least two forms: implicit (or nondeclarative) and explicit (or declarative) [1] . Explicit memory refers to the conscious recollection of information about facts and events involving places, people and objects. Implicit memory refers to the unconscious use of information relating to various habits and perceptual and motor strategies, and to the memories for simple forms of associative and non-associative learning. Work on simple forms of learning in Aplysia and Drosophila has provided some initial understanding of the molecular mechanisms that contribute to implicit memory storage [2] [3] [4] . By contrast, although it now has been four decades since Scoville and Milner [5] first established that explicit forms of memory require the medial temporal lobe system of the brain, much less is known of the mechanisms that contribute to these forms of memory storage.
Studies of the medial temporal lobe system have been hindered by its complexity (Figures 1,2 ). In humans, this system consists of several interconnected cortical structures -including multimodal association areas in the neocortex, the perirhinal and entorhinal cortices, the dentate gyrus, the hippocampus and the subicular complex -each of which is thought to be important for aspects of explicit memory storage. To study the functions of these individual regions in humans would require many patients with very specific brain lesions. Fortunately, recent anatomical and behavioral studies indicate that, even though there are some differences in the detail, there is a striking similarity between the organization of the medial temporal lobe system in humans, non-human primates, and simpler mammals such as rats and mice ( Figure 1 ) [6] . Moreover, even simple mammals such as the mouse require the medial temporal system for the storage of memory about places and objects, and this type of memory has several of the characteristics of an explicit form of human memory, requiring, for instance, the integration not simply of one but of a multiplicity of distal cues. Studying a form of explicit memory in mice has the advantage that it makes this cognitive process accessible to a genetic approach.
Of the several structures of the medial temporal lobe in the mouse, the hippocampus has proven to be the most suitable, and the most accessible, target for a rigorous genetic analysis of aspects of explicit memory storage. Each of the three major synaptic pathways within the hippocampus ( Figure 2 ) is well defined anatomically and is capable of undergoing long-term potentiation (LTP), an activity-dependent form of plasticity thought to be important for memory storage [7, 8] . Lesions of the hippocampus interfere with the formation of new spatial memoriesmemory for places -which is particularly well studied in rodents [9] . In the freely behaving animal, the pyramidal cells of the hippocampus -the cells that give rise to LTP -encode spatial location in their action potential firing patterns. Pyramidal cells are therefore 'place cells' that fire only when an animal occupies a particular location in its environment [10] . These findings raise a series of questions that have been central to studies of spatial memory during the past few years. What are the molecular mechanisms of LTP? Is LTP important for spatial memory storage? If so, how does LTP moderate the properties of place cells to give rise to spatial memory storage? Does it do so by acting during the initial formation or subsequent stabilization of place fields?
In this review, we limit ourselves to two areas. First, we look at how new techniques for producing temporally regulated and anatomically restricted genetic modification in the mouse have been used to examine the mechanisms of LTP and the role it plays in spatial memory. Second, we consider a complementary set of studies in genetically modified mice that use single-unit recording of place cells in the hippocampus. Here, the attempt is to examine the relationship of LTP to the cognitive map of space in the hippocampus. In this section of the review we will ask whether LTP is required for the formation of place fields and for their stability over time. If so, how do these properties of place cells relate to the acquisition and maintenance of spatial memory?
A first generation of genetically modified mice
With the development of genetically modified mice, it became possible to ask how the perturbation of a single gene affects LTP, on the one hand, and whole animal behavior, on the other. The initial studies of spatial memory in genetically modified animals [11] [12] [13] took as their starting point several important and well documented findings from earlier pharmacological studies about the sequence of steps involved in the induction of LTP [8] . These studies focused on one of the key pathways in the hippocampus, the Schaffer collateral pathway between the axons of the pyramidal cells of the CA3 region and the postsynaptic target cells in the CA1 region. Earlier research had shown that, in this pathway, the initiating step for LTP involves the release of glutamate from Building upon these pharmacological findings, homologous recombination in embryonic stem cells was used to delete in mice the genes encoding the α subunit of CaMKII (CaMKIIα) and the tyrosine kinase Fyn [11] [12] [13] .
In each case, deletion of the target gene led to a defect in LTP and to an impairment in explicit spatial memory. Thus, the initial genetic studies not only supported the earlier pharmacological work in showing that both CaMKIIα and Fyn seem to be involved in the signal transduction pathway important for LTP, but also showed that interfering with LTP affects memory.
A second generation approach
Although these results illustrated the potential usefulness of genetic approaches for analyzing synaptic plasticity and for relating it to explicit memory, it also was clear that there were limitations that needed to be overcome. For example, to understand the role in memory storage of LTP within a given component of the medial temporal lobe system, such as the hippocampus, the genetic change must be restricted to that specific anatomical component. The genetic change also needs to be regulated in a temporal manner, to exclude possible developmental defects and to ensure that the physiological or behavioral phenotype reflects a change in the functioning of the adult brain. To understand the effects of the genetically induced alterations in LTP on memory, the changes in LTP in the mutant mice must be related to changes in neuronal activity in freely behaving animals. Within the last year, substantial progress has been made in each of these three areas.
The CaMKIIα promoter
Genetically modified mice come in two major varieties, termed 'knockouts' and 'transgenics'. In knockout mice, the endogenous gene of interest is specifically deleted by homologous recombination in embryonic stem cells. The gene of interest is therefore deleted in all cells of the body and is absent for the entire life of the animal. Thus, conventional knockouts lack both anatomical restriction and temporal regulation. In transgenic mice, an additional genethe transgene -is added to the mouse genome by the microinjection of DNA into the oocyte. The transgene may be the wild-type version of a gene -in which case the gene product is overexpressed -or it may be a mutant version of the gene, designed to enhance or suppress function. The transgene carries with it an appropriate promoter element that directs the anatomical and temporal pattern of its expression. By selecting the appropriate promoter, the anatomical and temporal expression of the genetic change can be controlled, at least partially. As many molecules are likely to be used during both development and learning [3] , the promoter should drive transgene expression in the critical medial temporal lobe structures, with the onset of expression occurring late in brain development. Otherwise, one cannot be certain that one is examining learning and memory specifically without interfering with development.
As a first step in this direction, we isolated the promoter of the CaMKIIα gene [14] , which drives expression of a transgene specifically in forebrain structures, especially the hippocampus. The promoter is active only in neurons and not in glial cells (Figure 3a) , and the onset of expression occurs at a relatively late developmental stage, usually the first to The flow of information in the medial temporal memory system in primates [6] . This extended view of the medial temporal lobe system emphasizes the importance of the direct projects from layers II and III of the entorhinal cortex (EC) to the CA3, CA1 and subicular regions.
Unimodal and polymodal association areas (frontal, temporal, and parietal lobes)
Perirhinal cortex second postnatal week [15] . As discussed below, the anatomical sites at which gene expression occurs are restricted further when the CaMKIIα promoter is combined with other regulatory elements such as the Cre recombinase or the tetracycline transactivator (tTA) [16, 17] . These features of the CaMKIIα promoter have been crucial in developing the second generation of genetic approaches to behavior in mice and illustrate, as we discuss below, that future efforts will require the isolation of other promoters that are specific for each of the components of the medial temporal lobe.
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Regional restriction: the CaMKIIa promoter and Cre recombinase
The most dramatic evidence for anatomical restriction of the CaMKIIα promoter emerged from collaborative experiments with Susumu Tonegawa and his colleagues in which we applied to the brain the Cre-loxP system, a system developed by Klaus Rajewski's group for B-cellspecific gene deletion [18, 19] . This system uses the Cre recombinase, a site-specific recombinase derived from P1 bacteriophage that catalyzes recombination between 34 base-pair loxP recognition sequences [20, 21] . When two appropriately oriented loxP sites flank a piece of DNA, Cre-mediated recombination leads to the deletion of DNA between the loxP sites.
Two different types of mice are required to obtain Cre-loxP-mediated gene deletion. The first is a transgenic mouse in which a promoter -in this case the CaMKIIα promoter -is used to drive expression of the Cre recombinase in a specific subset of neurons in the brain (with no effect, as loxP target sites are absent from the genome). In the second type of mouse, loxP sites are introduced by homologous recombination into the endogenous gene of interest (the gene to be 'knocked out') such that they flank an exon critical for the gene's function. The loxP sites are placed in introns so that they do not alter the normal function of the gene and do not produce a phenotype in the absence of Cre recombinase. When, through mating, the Cre recombinase transgene and the loxPflanked endogenous gene are introduced into the same mouse, the portion of the endogenous gene between the loxP sites will be deleted by the Cre recombinase. This deletion will lead to a knockout of the loxP-flanked gene only in neurons that express the Cre recombinase. In cells that do not express Cre recombinase, the loxP-flanked gene remains intact and functional ( Figure 4a) .
Surprisingly, when expression of the Cre recombinase was driven by the CaMKIIα promoter [17] , the Cre-mediated deletion was restricted to just CA1 neurons of the hippocampus in three of the first five lines (Figure 4b ,c). The molecular basis for the CA1 restriction of Cre-mediated recombination is still unclear. Forebrain neurons outside of CA1 also expressed Cre recombinase, albeit at a lower level, but this expression did not lead to effective gene deletion [17] . This suggests that a high level of Cre expression is required to achieve recombination, and in many lines of mice this high threshold level of expression is achieved only in the CA1 neurons.
The CaMKIIα-Cre-loxP system was then used by the Tonegawa laboratory to knock-out the NMDA receptor 1 (R 1 ) gene in a CA1-restricted manner [22] . The mutant mice had a complete loss of LTP in CA1 as well as a profound defect in spatial memory, showing that NMDA receptor-mediated transmission in the CA1 neurons of the hippocampus is critical for explicit memory formation and strengthening the idea that LTP in the Schaeffer collateral pathway is important for memory formation. These results are complementary to earlier findings that selective interference with mossy fiber LTP between the granule cells and the CA3 neurons has no effect on spatial memory [23] .
The CaMKIIα-Cre-loxP approach solves one of the major problems with classical knockouts -the lack of anatomical restriction -but there is still the possibility that the impairment in spatial memory observed in these mice results from some developmental abnormality caused by prolonged absence of the NMDA R 1 gene. Although this is unlikely, given the late onset of expression of the CaMKIIα promoter, we turned to a technology for obtaining temporal regulation of transgene expression. Regional specificity of transgene expression with the CaMKIIα promoter [16] . Regional distribution of the CaMKII-Asp286 transgene mRNA when expressed under the control of the CaMKIIα promoter alone (a) or in combination with the tTA system (b). In (a), the CaMKII-Asp286 transgene is expressed in areas CA 1 , CA 2 and CA 3 and dentate gyrus (DG) in the hippocampus, and in neocortex (Ctx), striatum (Str), amygdala (Amy) and subiculum (Sub). In (b), expression is found only in CA 1 and dentate gyrus in the hippocampus, and in striatum and amygdala.
Temporal restriction: the CaMKIIα promoter and tTA
In a parallel series of experiments designed to obtain temporal as well as anatomical control over the expression of a transgene, we used the tetracycline-regulatable tTA system developed by Herman Bujard's group [24, 25] . The tetracycline repressor (tetR) is a protein from the Escherichia coli Tn10 tetracycline resistance operon that recognizes and binds tetO, a specific DNA sequence in the operon. The interaction of tetR with its tetO DNA target is disrupted by low levels of the antibiotic tetracycline and its derivatives. By fusing the tetR protein to the transcription activation domain of VP16, a herpes simplex virus protein, Bujard produced a regulatable eukaryotic transcription factor termed the tetracycline transactivator (tTA). When tetO sequences, along with a minimal eukaryotic promoter element, are placed next to the target gene of interest, the tTA transcription factor can activate the expression of the tetO-linked gene in eukaryotic cells. When exposed to low levels of the tetracycline analog doxycycline, however, the binding of tTA to tetO is prevented and transcription of the tetO-linked gene is turned off.
To obtain doxycycline-regulatable transgene expression, two different types of transgenic mice are required (Figure 5a ). In the first line of mouse, the CaMKIIα promoter is used to drive expression of the tTA gene in forebrain neurons (with no effect, as there are no endogenous tetO sites). The second line of transgenic mouse carries a tetO site linked to the particular gene of interest, in this case a constitutively active form of CaMKIIα (CaMKIIAsp286), whose properties we consider below [16] . When both transgenes are introduced into a single mouse through mating, the CaMKII-Asp286 transgene is expressed only in the forebrain neurons that express tTA. The strong expression of the CaMKII-Asp286 gene can now be suppressed by administering doxycycline to the mice in their drinking water.
We selected CaMKII-Asp286 as a transgene for study because, as discussed above, the initial pharmacological and genetic studies pinpointed CaMKII as a key molecular mediator of synaptic plasticity and memory formation. Pharmacological blockade of CaMKII prevents LTP [26, 27] , and deletion of the CaMKIIα gene in mice led to a loss of LTP and spatial memory [11, 12] . Moreover, earlier biochemical studies revealed several interesting features of this kinase [28] . In the absence of Ca 2+ /calmodulin, CaMKII shows little or no enzymatic activity. After a brief pulse of Ca 2+ /calmodulin, full enzymatic activity is induced. When Ca 2+ levels fall, however, rather than returning to the low basal level of activity as seen before the Ca 2+ pulse, the enzyme remains substantially active even in the complete absence of Ca 2+ . This persistent switch from a Ca 2+ -dependent to a Ca 2+ -independent state represents a form of biochemical memory for the Ca 2+ signal. Because LTP is, in essence, a longlasting biochemical alteration resulting from a brief Ca 2+ signal, Lisman [29] suggested that the switch of CaMKII from the Ca 2+ -dependent to the Ca 2+ -independent state represents the biochemical mechanism of LTP. To test Lisman's model, it became important to ask whether turning on CaMKII was sufficient, by itself, to produce LTP. The conversion of CaMKII from the Ca 2+ -dependent to the Ca 2+ -independent state requires the phosphorylation of a single amino acid residue, threonine 286 [30] [31] [32] [33] . Mutation of this residue to aspartate mimics the effects of autophosphorylation and produces a Ca 2+ -independent enzyme [34, 35] . The mutant CaMKIIAsp286 kinase now provides a molecular genetic means for increasing the baseline activity of CaMKIIα.
In initial studies, we used the CaMKIIα promoter to express CaMKII-Asp286 and examined the effect on LTP and memory [36, 37] . We found that the activation of CaMKIIα alone was not sufficient to switch on LTP; rather, CaMKIIα seems to act as a regulator of the frequency of synaptic activity at which LTP or long-term depression (LTD) will be produced. When the levels of Ca 2+ -independent CaMKIIα were elevated in CaMKIIAsp286 transgenic mice to levels greater than that produced during LTP, the stimulation frequencies necessary to produce LTP or LTD were altered. In wild-type animals, 1 Hz stimulation produces LTD, whereas 5 Hz or 10 Hz produce a modest amount of LTP and 100 Hz produces maximal LTP. In the CaMKII-Asp286 transgenic mice, 100 Hz LTP is normal, while in the 5-10 Hz range of stimulation LTD is favored over LTP.
The shift from LTP in the wild-type to LTD in the mutant in the 5-10 Hz frequency range is particularly interesting because there is an endogenous 5-10 Hz oscillation in neuronal activity (the 'theta-rhythm') in the hippocampus of rodents. It has been suggested that patterned neuronal activity in the theta-frequency range represents the endogenous mechanism for inducing LTP in the hippocampus during spatial learning [38, 39] . If this idea is correct, then mice that lack LTP in the theta frequency might show impaired spatial memory. Consistent with this idea, analysis of the CaMKII-Asp286 transgenic mice showed that they did have a severe deficit in spatial memory formation.
These experiments did suffer, however, from both of the problems discussed earlier: possible developmental abnormalities and lack of precise anatomically restricted expression. To address the developmental problems, we used the tTA system to express CaMKII-Asp286 [16] . When the transgene expression was suppressed by doxycycline, the memory impairment, evident in the spatial memory task described in Figure 5b , was completely reversedthe transgenic mice performed as well as wild-type mice. In parallel, the suppression of transgene expression also reversed the deficit in theta-frequency LTP observed in the hippocampus. These experiments with regulated gene expression therefore showed that both the behavioral and electrophysiological effects of the CaMKII-Asp 286 transgene are the direct consequence of the acute elevation in CaMKIIα activity, and are not the effect of an anomaly in neuronal circuitry caused by expression of the transgene during development. Temporal and regional expression of the CaMKII-Asp286 transgene with the tTA system. (a) Strategy used to obtain forebrain-specific transgene expression regulated by doxycycline. Mouse 1 carries the CaMKIIα promoter fused to the tTA transgene; mouse 2 carries the tetO promoter fused to the CaMKII-Asp286 transgene. The two transgenes are introduced into a single mouse through mating. (b) The memory task undertaken by the mice -the spatial version of the Barnes maze. This circular maze has 40 holes in the perimeter and a hidden escape tunnel under one of the holes. The mouse is placed in the center of the maze and motivated to escape by bright lights and an aversive buzzer. To find the tunnel, the mouse needs to remember and use the relationships among the distal cues in the environment. To achieve the learning criterion on this task, the mouse must make three or less errors across five out of six consecutive trials. Errors are defined as searching any hole that did not have a tunnel beneath it. 
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Combining temporal and regional restriction
In the course of this work, we found that, in one line of mice in which the CaMKIIα promoter was combined with tTA, there was little or no expression of the CaMKIIAsp286 transgene in the neocortex (Figure 3a) . The expression was limited to certain deep structures of the forebrain -the subiculum, striatum, amygdala and hippocampus. Within the hippocampus, expression of the transgene was strong in the CA1 region, which contains the postsynaptic cells of the Schaffer collateral pathway, but was not expressed in the CA3 region, which contains the presynaptic neurons of this pathway (Figure 3b ).
This line of mice could therefore be used to ask whether the CaMKII-Asp286 transgene had to be expressed in the presynaptic CA3 neurons to produce the deficit in 5-10 Hz LTP, or whether it was sufficient to restrict expression to the postsynaptic CA1 neurons. As the transgene expression was temporally regulatable, we could also ask whether its expression in the CA1 neurons impaired LTP and memory by interfering directly with normal plasticity in the adult brain, or whether it did so through a disruption of neuronal development. We found that reversible expression of the CaMKII-Asp286 transgene -limited to the CA1 neurons -was sufficient to reversibly impair LTP in the 5-10 Hz theta frequency. Moreover, we found that expression of the transgene in the deep structures of the forebrain was sufficient to impair spatial memory reversibly.
Although the regional restriction achieved by combining the CaMKIIα promoter with tTA is not as limited as that achieved by combining the CaMKIIα promoter with Cre, the former is nevertheless informative, especially in physiological terms where we have been able to examine the relative contribution of the pre-and post-synaptic element of a monosynaptic connection. Moreover, this restriction, albeit limited, carries with it the great benefit of also being regulatable, assuring that the phenotype is due to direct effects in the adult brain and is not due to developmental abnormalities.
Spatial memory in the adult mouse: the role of LTP and place fields
The study of neuronal mechanisms of explicit memory requires not only the production of highly defined molecular lesions in the brain, but also an analysis of the physiological and plastic properties of neurons in freely behaving animals when they are challenged to learn and recall new information. Do the modifications of connection strength induced by LTP occur naturally in an intact animal doing a spatial memory task? If so, how are these modifications reflected in the firing properties of neurons within the network that controls the behavior under study?
As first shown by O'Keefe and Dostrovsky [10] , the pyramidal cells of the hippocampus that are stimulated artificially during LTP experiments are, in the freely behaving rat, 'place cells' that encode spatial location in their action potential firing patterns. A given place cell will fire only when an animal occupies a particular location in its environment. When the animal moves to a different location in the same environment, other place cells fire. If the animal enters a new environment, the selection of place cells from among the pyramidal cells changes. These new place cells form within a matter of minutes and remain stable for weeks [40] . Place cell recordings from mice (modified from [42] ). (a) The recording setup. A mouse is trained to run all over the floor of a 49 cm diameter cylinder. Recordings are simultaneously made of the spike activity of one or more pyramidal cells and of the position of the mouse's head in the environment. Tracking is done with an overhead TV camera whose signal is fed to a detector that digitizes the position of a light on the mouse's head. (b) The positional firing patterns of three place cells recorded sequentially for 16 min each from one wild-type mouse. The circles are overhead views of the cylinder, and color represents the firing rate in each small square region (pixel). The cell's firing field is the darkly colored region. When the animal's head is in this region, the cell fires approximately 10 spikes/sec. Outside the firing field, the discharge rate is virtually zero as indicated by the yellow pixels. Thus, the positional signal is extremely strong. Note that the firing fields of the example cells are in different places in the environment. If many cells were shown, it would be clear that the fields cover the surface of the cylinder. These results have given rise to the idea that the hippocampus contains a map-like representation of the animal's current environment, and that the firing of place cells in the CA1 and CA3 regions signal the animal's moment-to-moment location within the environment. This map is interesting because it is the best example in the brain of a complex internal representation, a true cognitive map. It differs in several ways from the classical sensory maps found, for example, in the visual or somatosensory systems. Unlike sensory maps, the map of space is not topographic because neighboring cells in the hippocampus do not represent neighboring regions in the environment. Moreover, the firing of place cells can persist after salient sensory cues are removed and even in the dark. Thus, although the activity of a place cell can be modulated by sensory input, in contrast to neurons in sensory system, activity is not dominated by such sensory input [41] .
If hippocampal neurons encode an internal representation of space that is used to solve memory problems, how is this spatial map altered when LTP is interfered with genetically? To address this issue, we examined the positional firing properties of pyramidal neurons in the hippocampus of mice expressing the CaMKII-Asp286 transgene [42] . The experimental arrangement for studying place cells is shown in Figure 6 . A mouse is fitted with a recording electrode implanted in the hippocampus. Action potential firing from a single hippocampal neuron can be reliably recorded from the electrode for a period of several weeks. The mouse is placed in a cylindrical arena and allowed to explore for 16 minutes while the animal's location and the firing of the hippocampal neuron are simultaneously recorded. As shown in Figure 6b , the firing rate of the neuron when the mouse is at each location in the cylinder can be plotted. These studies show that different cells have fields in different parts of the apparatus and that place fields are found with about equal density everywhere in the apparatus -reinforcing the idea that the place cells are elements of a map [43] .
Sequential recordings of place cells from wild-type mice in a familiar environment show that their fields are stable ( Figure 7 ). Firing fields also form in CaMKII-Asp286 transgenic mice, indicating that LTP in the 5-10 Hz range is not required for hippocampal pyramidal cells to transform sensory information into spatial information. However, the place cells of CaMKII-Asp286 transgenic mice have several deficits. First, the firing fields are less well defined, appearing fuzzier, with the boundaries between high and low firing rate regions less distinct. Second, place cell firing rates in the transgenic mice are reduced. This effect could be a direct consequence of the abnormal generation of LTD instead of LTP in response to stimulation in the 5-10 Hz range. Third, the place cells in transgenic mice are unstable. When a place cell is recorded from a wild-type mouse, and the mouse is then removed from the recording environment for a period of time and then retested, the place cells firing field remains remarkably stable (Figure 7) . Thus, when the animal is repeatedly exposed to the same environment, as in a spatial problem-solving paradigm, information gained about that environment remains stable. However, when a similar experiment is performed on a CaMKII-Asp286 mouse, the place field is unstable and in a different location during different sessions (Figure 7 ).
Which defect accounts for the deficits in spatial memory? By themselves, the less precise firing fields and the lower firing rates of place cells in CaMKII-Asp286 transgenic mice might account for spatial memory deficits by providing the animal with a less precise representation of its environment. Nevertheless, given hundreds of thousands of place cells, it is not clear that the map of the environment would be so degraded as to be unable to support normal navigation. However, a deficit in the stability of place cells would severely impair an animal's ability to learn spatial tasks -information gained on a given training session would be lost, and on a subsequent training session it would be as if the animal was presented with the task for the first time. If the place cells are the building blocks of a cognitive map, the instability of place cells would suggest that the map itself is unstable and therefore not suitable for the efficient calculation of navigational paths. In fact, this deficit at the neuronal level is very similar to the memory deficits seen in human patients with medial temporal lobe lesions. A classic example is patient H.M., for whom explicit informaion on each session of a multi-session learning test is like the first: he does not remember that the experiment took place previously, or even recognize the psychologists that administered the test.
In a parallel set of studies, Wilson and colleagues [44] investigated the positional firing properties of CA1 pyramidal cells in mice with a CA1-specific knockout of the NMDA R 1 subunit. These cells had stable firing fields, but the fields were larger than those in wild-type mice and, instead of having a single peak, the firing fields had multiple peaks. Furthermore, CA1 place cells with firing fields that overlapped did not tend to fire together in time (in wild-type mice, cells with overlapping firing fields show a significant temporal firing covariance). Thus, up to now, the properties of place cells have been examined in two types of mice with genetically altered LTP in the CA3-CA1 Schaffer collateral pathway. The results indicate that LTP is not required for the transformation of afferent information in place fields. Rather, LTP is needed for the fine-tuning of higher-order place field properties such as stability and synchronous firing. It is these features of place fields that seem to be necessary for spatial memory.
Overall view
The study of explicit memory storage has clearly benefitted from the use of new technologies to produce genetically modified mice. First, by using the CaMKIIα promoter, it has been possible to drive transgene expression in the medial temporal system and, in particular, in the neurons of the hippocampus. Second, by combining the CaMKIIα promoter with Cre recombinase, it has become possible to restrict expression to the CA1 region of the hippocampus and to delete genes in this region. Third, by combining the CaMKIIα promoter and the tetracycline-responsive tTA transcription factor, it has become possible to turn transgenes off and on in limited groups of neurons in the brain. Finally, the analysis of the firing properties of place cells in the genetically modified mice adds a new dimension to our understanding of the cellular and molecular basis of memory. For example, a change in a single amino acid causes CaMKII, an enzyme important in Ca 2+ signal transduction, to become constitutively active. This elevation in the activity of CaMKIIα leads to a deficit in the LTP response to 5-10 Hz stimulation, presumably by reducing the ability to store information at synapses between cells that signal the spatial location of an animal. This loss of storage capacity in the spatial map may destabilize the positional firing patterns of place cells and cause the severe deficit in performance on spatial memory tasks in CaMKIIAsp286 transgene mice.
The combination of new genetic techniques with analysis of synaptic function in vitro and of neuronal firing patterns in vivo provides a powerful set of tools for the study of mammalian behavior -from the level of a single molecule to memory in the whole animal. However, as the complexity of the circuitry of the medial temporal lobe system indicates (Figure 2 ), in studying explicit memory storage we are only at the foothills of a great mountain range. The next step is to advance these methodologies further. One needs to be able to evaluate the contribution to memory storage of each of the major regions of the hippocampus (Figure 2 ). Do these regions store different types of information or do they process the same type of information, but differ in their role in memory per se? Are some regions specialized in encoding, consolidation or storage, while others are specialized in retrieval?
Answers to these questions will require still further generation of genetically modified mice using promoters to restrict expression to the various individual regions of the medial temporal lobe. In addition, attempts are underway to extend the tTA system so as to make it more useful in furthering the genetic analysis of behavior. For example, it might be possible to produce graded changes in the level of a transgene expression by administering lower levels of doxycycline to the animals. Also, Bujard's group [45] has generated a mutant of the tTA molecule that displays a reversed response to doxycycline. This reversed tTA allows one to keep expression of a transgene off during development, then rapidly turn it on by administering doxycycline to the adult mouse ( [46] and our unpublished observations). The use of such an inducible system combined with the Cre recombinase should provide a way for inducibly knocking genes out in the brain. Other systems for regulating gene expression and gene deletion are also being explored [47, 48] . With appropriate promoters, these technologies should prove generally useful for the selective Single place cells repeatedly recorded from wild-type and CaMKII-Asp286 transgenic mice [42] . The four 16 min recording sessions in the top row for the wild-type mouse were done in two pairs. Sessions 1 and 2 were done within 2 min of each other, without removing the mouse from the cylinder. Similarly, sessions 3 and 4 were done within 2 min of each other, again with the mouse continuously present in the cylinder. Between sessions 2 and 3, however, the mouse was removed from the cylinder for about 1 h before being replaced. Note that the position of the firing field is constant at about 10:30 o'clock across all four sessions. When the same time sequence of four recording sessions is repeated in a CaMKII-Asp286 transgenic mouse, the firing field moves from position to position between sessions. In this example, the change in field position was greater after the mouse was removed from and replaced into the apparatus than for session pairs done at 2 min intervals. Over many cells, however, the instability was about the same for session pairs separated by minutes or by an hour. genetic modification of precisely defined neuronal circuits controlling behavior. Moreover, this approach should allow one to explore not only the individual genes but also the genetic pathways important for LTP.
